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Abstract:

Cytochrome P450 peroxygenases use hydrogen peroxide to hydroxylate long-chain fatty acids by
bypassing the use of O, and a redox partner. Among the peroxygenases, P4500ier uniquely
performs decarboxylation of fatty acids and production of terminal olefins. This root taken by
P4500ieT Is intriguing, and its importance is augmented by the practical importance of olefin
production. As such, this mechanistic choice merits elucidation. To address this puzzle we use
hybrid QM/MM calculations and MD simulations for the OleT enzyme as well as for the
structurally analogous enzyme, P450gsg. The study of P4500iet reveals that the protonated His85
in the wild-type P4500it, plays a crucial role in steering decarboxylation activity by stabilizing
the corresponding hydroxoiron(1V) intermediate (Cpd Il). In contrast, for P450gsp in which Q85
replaces H85, the respective Cpd Il species is unstable and it reacts readily with the substrate
radical by rebound, producing hydroxylation products. As we show, this single-site difference
creates in P450oiet a local electric field (LEF), which is significantly higher than that in P450gsg.
In turn, these LEF differences are responsible for the different stabilities of the respective Cpd
Il/radical intermediates, and hence for different functions of the two enzymes. P450gsg uses the
common rebound mechanism and leads to hydroxylation, whereas P4500ieT proceeds via
decarboxylation and generates terminal olefins. Olefin production projects the power of a single

residue to alter the LEF and the enzyme’s function!



1. Introduction

Cytochromes P450 are nature’s efficient nanomachines that catalyze a plethora of reactions in all
organisms.! These enzymes are phenomenally versatile; they are responsible for detoxifications of
foreign compounds (so-called Xenobiotics), and among other processes can perform e.g.
sulfoxidation, C-H/C=C activations, carbene- and nitrile-insertion, as well as C-C bond making
and cleavage.?* Such a synthetic versatility makes P450 a favorite model for bio-engineering and
evolutionary studies.>® The paradigmatic catalytic cycle of a P450 starts by the entry of a substrate,
which triggers concomitant delivery of two electrons (from a reducing partner) and two protons,
finally leading to the formation of the porphyrin-radical-cation oxoiron species, so-called
Compound I (Cpd I) which in turn oxidizes the substrate.” This mechanistic paradigm has prevailed
until the discovery of P450 peroxygenases which utilize hydrogen peroxide to shunt the catalytic

cycle, and thereby bypasses the necessity of reducing partner by.®

The crystal structures of two P450 peroxygenases, P450sp, and P450gsp, reveal some
interesting architectural features, related to substrate-binding.®!° In contrast to P450gms, which is
a bacterial enzyme that catalyzes the hydroxylation of the tails of long-chain fatty acids, in the
related peroxygenases P450sp, and P450gsg, the fatty acids enter the heme site via their carboxylate

heads, and undergo hydroxylation, respectively in the a- or - positions (to the carboxylate heads).

The unique structural aspect of peroxygenases is the interaction of the carboxylate group
of the fatty acids with an Arginine residue close to the heme site. This feature bypasses the
necessity of acid-alcohol pair for proton deliveries as in common P450s.! These special features
of P450 peroxygenases indicate that this group of enzymes might have been bioengineered by
Nature during primeval conditions which necessitate bypassing dioxygen requirement for the

catalytic cycle.*>® Despite these differences, peroxygenases catalyze fatty acid oxidation, by use



of the same active oxidant, Cpd I, as in common P450s.}41> In the past, we have shown how the
H,0, shunting generates Cpd | species in P450sp, and P450psp,'® which perform C-H

hydroxylations of fatty acids.®

So what is so special about peroxygenases? The discovery of P4500iet,!” has created a new
and challenging function. Thus, in P4500t Cpd | leads to preferential decarboxylation over
hydroxylation, unlike the other peroxygenases. This puzzle is reinforced by the fact that P4500eT,
P450sp, and P450gsp exhibit similar active site residues and substrate binding sites, and yet their
function is different. In fact, as shown by Figure 1, P4500iet and P450gsp are extremely close with

an RMSD (root mean square deviations) of merely 0.99A!18

R245/R242

Figure 1. Superposition of P450ssp (green) and P4500iet (pink) crystal structures. The residue
number are noted respectively in the order P450oiet / P450ssp. Note that with the exception of
H85(P45001eT) and Q85(P450ssg), all other residues occupy the same positions in the two enzymes.

The key difference, between these enzymes is a single residue adjacent to the heme; it is glutamine
(Q85) in P450sp, and P450gsp, Whereas in P450oiet (cf. Fig 1) this residue is Histidine (H85).

Logically, this Histidine residue should be a plausible proton donor that enables the formation of



Cpd | from H202.1™® This is further supported by the fact that a Q85H (Q is Glutamine (GIn))
mutation in P450gsp increases the decarboxylation activity over hydroxylation in the so-mutated
P450gsp.8 Suggestions that the substrate identity is somehow involved in changing the mechanism
were ruled out by Reetz et al.®¢ As such, the primary mechanistic puzzle which is targeted here, is:
how does the presence or absence of H85 diversify the decarboxylation and hydroxylation
activities in the WT P4503ss and WT P4500it P450 enzymes? These issues are addressed herein
by means of a combination of MD simulations and QM/MM studies of the P4500ieT and P450ssp
enzymes. As shall be seen, the study uncovers the nimble ability of evolution to bioengineer
reactions using a mutation of a single protein residue, which affects its local electric field (LEF)*°
and hence its function.

Scheme 1 shows the plausible mechanisms of decarboxylation vs hydroxylation, which
have been considered in peroxygenases. As seen, the hydroxylation in P450ssp performs the
standard hydrogen atom transfer (HAT) by Cpd | which is converted to Cpd Il, followed by a
rebound step to yield a hydroxylated product. However, three alternative pathways were proposed
for the decarboxylation mechanism in P4500iet (Scheme 1).2 Pathway 1 involves a single electron
transfer from the substrate to Cpd | followed by HAT to the so formed porphyrin-oxoiron(1V),
Cpd Il. However, this pathway was ruled out by the absence of OleT accumulation for reactions
with a protonated long-chain fatty acid, and at the same time, the reaction of OleT exhibited a
significant substrate deuterium Kinetic isotope effect (KIE).'? Pathway 2, in Scheme 1, was ruled
out too due to spectroscopic observation of a metabolite with a Soret band maximum at 426 nm
and hyperporphyrin (i.e. a species having an additional band between 300 nm and 426 nm)

character, corresponding closely to Cpd 11.14%°
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Scheme 1. Plausible mechanisms of hydroxylation by P450ssg and decarboxylation by P4500ier.

The question marks in pathways 2 and 3 refer to the mechanistic puzzle of the nature of the proton
sources in these mechanistic pathways. This puzzle is targeted in this study.

Pathway 3 is based on the observation that the protonated Cpd Il (the hydroxoiron(IV)
intermediate), which was observed in the decay Kinetics, has a very slow conversion to the resting
state, thus implying a relatively stable Cpd Il which accepts a single electron transfer (SET) from
the substrate, which in turn, loses CO2 and form the terminal olefin.2* However, this pathway does
not explain why this mechanism should be utilized only by P4500it but not by the very similar
P450gsp enzyme. Thus, mechanistic studies did not resolve the origins of decarboxylation in
P45001eT, and the identity of the factors which might drive P4500jeT to adopt a different mechanistic
pathway vis-a-vis P450sp, and P450zss. The industrial uses of olefins lend importance to this

specific propensity of OleT to produce olefins.



To resolve the issue, we applied herein MD simulations followed by QM/MM calculations,
for WT P4500ieT and P450ssp. These calculations lead to a revised mechanism through which OleT
performs decarboxylation of fatty acids, due to the assistance of a protonated His85. This residue
creates a local electric field (LEF), which is larger than the one created by Q85 and ultimately

dictates the product selectivities of P4500iet vS. P450ssg.
2. Computational Methods and Details

We used Molecular Dynamics (MD) simulations for the conformational analysis and hybrid

QM/MM calculations for the reaction mechanism; the technical details are discussed below:
2.1 System Setup:

The study focuses on the following enzymes; P4500ieT and P450gsp. The initial structures for these
systems were taken from the crystal structure with PDB accession codes: 4L40,'7 and 11Z0%
respectively. Missing hydrogens and other heavy atoms were added by Leap module of Amber 20.
The parameters for the substrate Palmitoloeic and Icosanoic acids were prepared using
antechamber module of Amber 20 for GAFF2 parameters. The partial atomic charges and missing
parameters for both substrates were obtained from the RESP?222 charge fitting method for the QM
optimized geometry at the HF/6-31G™* level of theory. The force field for the heme moiety was
taken from already published parameters for the Cpd I state.?* Na+ ions were added into the protein
surface to neutralize the total charge of the system. Finally, the resulting system was solvated in a
rectangular box of TIP3P% waters extending up to a minimum cutoff of 10 A from the protein
boundary.

2.2 MD Simulations:



After proper parameterizations and setup, the resulting system’s geometries were minimized (5000
steps for steepest descent and 10,000 steps for conjugate gradient) to remove the poor contacts and
relax the system. The systems were then gently annealed from 10 to 300 K under canonical
ensemble for 50 ps with a weak restraint of 5 kcal/mol/A?. Subsequently, the systems were
maintained for 1 ns of density equilibration under isothermal—-isobaric ensemble at the target
temperature of 300K and the target pressure of 1.0 atm using a Langevin-thermostat?®® and a
Berendsen barostat?” with a collision frequency of 2 ps and a pressure relaxation time of 1 ps, and
with a weak restraint of 1 kcal/mol/A?. Thereafter, we removed all restraints applied during heating
and density dynamics and further equilibrated the systems for ~3 ns to obtain well-settled pressure
and temperature for conformational and thermodynamical analyses. This was followed by a
productive MD run of 100 ns for each system. We used three different replicas starting from
different initial velocities each for 100 ns. Therefore, we performed a total of 300 ns simulations
including all three replicas for each system. During all MD simulations, the covalent bonds
containing hydrogen were constrained using SHAKE?3, and a particle mesh Ewald (PME)?° was
used to treat long-range electrostatic interactions. We used an integration step of 2 fs during the
entire simulation. All MD simulations were performed with the GPU version of the Amber 20
package.*

The analyses of the trajectories were based on the most populated trajectories (100ns) from
the MD simulations of all three replicas (100ns x 3), which provides an accurate means to
represent the statistically most significant structures during MD sampling. For doing so, firstly, we
seamed all replicas together using the Cpptraj module of Amber, and thereafter, we performed
clustering of MD trajectories using the hieragglo algorithm implemented in Cpptraj.

2.3. QM/MM Calculations:



The reaction mechanism was investigated by use of the QM/MM calculations for the representative
snapshots of the most populated trajectories obtained by clustering the MD trajectories for each
system. This choice is statistically more rigorous than the usage of stochastically chosen snapshots
for QM/MM calculations.

QM regions included truncated heme-porphyrin, truncated substrates, and R242/245,
H85/Q85 and two water molecules, the coordinates for the QM region can be found in SI. All
protein residues and water molecules within 8A of the Heme were included in the ‘active region’
of the QM/MM calculations. The atoms in the ‘active region’ interact with the QM atoms through
electrostatic and van der Waals interactions and the corresponding polarization effects were
considered in the subsequent QM/MM calculations. All QM/MM calculations were performed
with ChemShell 33 by combining Turbomole®® for the QM part, and DL_POLY?** for the MM
part. The MM region was described using the Amber ff14SB force field,® and the electronic
embedding scheme was used to account for the polarizing effect of the enzyme environment on
the QM region. The QM/MM boundary was treated using hydrogen link atoms with the charge-
shift model.*

During QM/MM geometry optimizations, the QM region was treated using the hybrid
UB3LYP?® functional with two basis sets, B1 and B2, where B1 stands def2-SVP* and B2 is for
def2-TZVP. For geometry optimization and frequency calculations, we used B1 basis set. The
energy was further corrected using B3LYP-D3% functional. All of the QM/MM transition states
(TSs) were located by relaxed potential energy surface (PES) scans followed by full TS
optimizations using the P-RFO optimizer® implemented in the HDLC code. The energies were
further corrected with the large all-electron def2-TZVP basis set. The zero-point energies (ZPEs)

were calculated for all species, and the respective final energies are reported as UB3LYP/B2+ZPE



data. For Cpd I-mediated reactions, the S = 3/2 and S = 1/2 states generally exhibit similar
reactivities,*® so no added information (other the well know two-state reactivity) is provided by

studying both states. Hence, all of the reactions of Cpd | were studied in the S = 1/2 state.

2.4. Determination of the LEFs of the Enzymatic Environments
The local electric field (LEF) of both enzymes, P4500iet and P450ssgs were calculated by means of
the in-house program TITAN.% To qualify the effect of the active site residues only, we stripped
all protein and water molecules beyond 3A of the Heme and substrate, such that both enzymes (the
and Heme-Cys/substrate systems of P4500it / P450gsp) were subjected to the LEFs exerted
respectively by H85/Q85, R245/R242, P246/P243, and two water molecules. Therefore, it is clear
that the change in the LEF will be mainly due to the difference by H85 vs. Q85. The LEF was
calculated along Fe-O axis, projecting on the O atoms of both enzymes. Similarly, the dipole
moments (1) for the QM/MM optimized bare heme-Cysteine/substrate systems were determined
with Turbomole 7.31.4

The stabilization energies were calculated by use of equation 1:4
AE; pr = 4.8(LEF)(u)cosf Q)
AE is the interaction energy (kcal/mol), between the LEF (in VV/A) of the protein environment and
the dipole moment p (in Debye) of the heme species, while 0 is the angle between the dipole
moment and LEF vectors. These calculations were done for the RC, TS (Cpd I/substrate) and the
Cpd Il/substrate-radical species for each reaction. The GAUSSIAN convention was used for the

positive directions of the two dipoles.*!

3. Results
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3.1 MD Simulations of P450ssg and P4500iet: The MD simulations for each enzyme/substrate
set included 100 ns with three replicas, as well as usage of random velocities. The calculations
were performed for P4500ieT and P450gsp reacting with their corresponding substrates; icosanoic
acid [CH3(CH2)1sCOOH] and palmitic acid [CH3(CH2)14COOH], respectively.

The MD simulations in both enzymes revealed very stable substrate binding, via strong
salt-bridge interactions of the guanidine moiety of Arginine (R, cf. Figure. 1) with the carboxylate
ends of either substrate. In addition, as shown in Figure 2 both simulations reveal the presence of
a consistent water chain mediated by a heme-propionate (also see supplementary video VS1 and
VS2 for water channel). The presence of a water molecule is considered to have an important
function in peroxygenases.'® Therefore, our simulations for two important members of
peroxygenase family show that peroxygenases may have evolved, during the primitive anaerobic
conditions, in such a way that they preserved the proton transfer route (via heme propionate) while
bypassing the other route (acid-alcohol pair).

Though the two-water channels are rather similar in both peroxygenases, we found a
significant difference in the behaviors of the substrates. In P4500it (cf. Fig. 2a), the substrate
(abbreviated as DCR) interacts with His85 via a bridging water W1, which causes the substrate to
recline towards the His85. The first oxygen O1 of the carboxylate group in P4500t forms a
bidentate interaction with the guanidine groups of the Arginine residue (R245), while the second
oxygen, O2, interacts with the two water molecules W1 and W2 (cf. Fig. 2a). Interestingly, an
equivalent interaction between the substrate (PAM) and GlIn 85 in P450ssp is completely absent.
In fact, in P450ss; the substrate stays far away (> 5A) from the GIn 85 (see Figures 2b and 2c).
Thus, in P450gsp (cf. Fig. 2b), the carboxylate oxygen, O1, interacts with the guanidine nitrogen

NH1 (of R242), while O2 forms a bidentate interaction with W2 and with the guanidine nitrogen
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(NH>) of R242. Figure 2c compares the time evolution of these key interactions in P4500iet (black)

and P450gsp (red).
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Figure 2. A comparison of substrate orientations in two P450 peroxygenases a) P4500ieT; here
DCR represents the Icosanoic acid [CH3(CH2)1sCOOH], b) P450sss; here PAM represents
palmitoleic acid, CH3(CH.)14COOH. c) The distances during MD simulations between the
carboxy! groups and His85 in P4500it (black), and with GIn85 in P450gsp (red). Note that the
interaction of the carboxylate group of DCR with His85 (in a) is mediated by W1 which is lacking
in P450gsp (in b).

In summary, the MD simulations of P4500iet vs. P450ssp show that a single site-difference

in residues 85, of H vs. Q, changes the active site architecture in the two peroxygenases. The
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manner by which this difference is translated to different functions of the peroxygenases is detailed

in the next section with the help of hybrid QM/MM calculations.

3.2. Mechanism of decarboxylation vs hydroxylation by QM/MM calculations

Decarboxylation in P4500it: To study the mechanism of decarboxylation reaction in the WT
P4500iet enzyme, we performed QMMM calculations for H atom transfer (HAT) from the
prochiral CH2 group in the DCR substrate, employing a representative snapshot from the most
populated structure of the MD simulations. The optimized structure of the reactants’ complex (RC)
is shown in Figure 3. The Pro-R hydrogen of the B position is positioned at 2.6 A and is closer to
the oxo moiety of Cpd | than the Pro-S hydrogen at 3.3A. Moreover, in the optimized geometry
of the reactant cluster (RC) the O---H bond length of water W1 is 1.08A, namely, longer than the
pristine O-H bond length (0.98 A) in the water molecules (cf. Figure 3). The potential energy
profile for the doublet-spin state for Pro-R H abstraction (cf. Figure 3) exhibits an energy barrier
of 9.6 kcal/mol, thus revealing a very facile H-abstraction from the  position. To assure the correct
energy profile all the way to Cpd |1, we also performed the calculations, using the ChemShell
routine Nudged Elastic Band, for the H-abstraction process and the energy profile was practically

identical (9.9 kcal/mol).

The potential energy profile in Figure 3 shows also the follow-up steps all the way to CO>
expulsion and olefin formation. The changes in orbital occupation during all the steps of Figure 3
are shown in Figure 4. Thus, the first H-abstraction step (RC->1M1) transforms Cpd | to Cpd I
(Fe(IV)OH), leaving a «CgH radical carrying a CO2™ group in an a.-position. At the same time, W1
stabilizes IM1 and appears to blocks the rebound step (cf. Figure 3). The second step (IM1->1M2),
is a single electron transfer (SET) process wherein an electron from the carboxylate group of the

substrate shifts to Fe (IV)OH and forms Fe (I11)OH". Concomitantly, CO> splits and generates a
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terminal double bond across C,—Cg of the substrate (cf. Figs 3 and 4). The energy barrier for this
step is 12.4 kcal/mol relative to IM1 which is lower than the calculated rebound barrier at «CgH.*2
In the final step, the protonated His85 relays a proton to the negatively charged IM2 via W1,
thereby forming the aqua ferric low spin resting state and resets the catalytic cycle for the next

turnover.

PC

Figure 3. QM/MM/B3LYP-D3/def2-TZVP calculated mechanism for OleT oxidation of the
substrate decadonoic acid. Key intermediates during the decarboxylation mechanism in OleT are
shown by the ball and stick model. A corresponding energy profile and barriers for the process are
shown in the schematic diagram at bottom of the figure. The reported energy values are in
kcal/mol.
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Figure 4. The orbital occupancy diagrams and the sequential steps during the mechanism of OleT
decarboxylations in Figure 3. The first line of orbital diagrams describes the main changes of
orbital occupancies, while below this line the mechanism is described sequentially.

The electronic structures of the intermediates in Figure 4 were confirmed by the spin

densities and Mulliken charge analysis of intermediates (See Sl). Interestingly, the intermediate

IM1 i.e., Fe (IV)-OH/substrate-radical is exothermic by ~5 kcal/mol relative to Cpd I/substrate (cf.

Figure 3), and the energy barrier for the back reaction from IM1->Cpd I is higher than the one for

the forward reaction (IM1->1M2). This observation qualitatively agrees with the experimental

study by Grant et a'* where they did not find any trace of Cpd | once Cpd I decays to IM1 ( k2 ~2

s'h) and accumulation of intermediate IM1. Another study by the same group shows that Cpd I,
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decays very quickly (in 1 s), to a species that is indistinguishable from the ferric-low spin substrate-
free form of the enzyme, and the time course for this decay required two summed exponentials for
adequate fitting, suggesting a complex decomposition process that may involve multiple steps.
Looking at the energy profile (c.f. Fig 3), we can see that the decay of Cpd I is an efficient process
with a barrier of ~9.6 kcal/mol followed by a multistep process that involves Cpd 1>
IM1->1M2->product. As such, our QM/MM calculations qualitatively agree with the conclusions

of Grant et al.™*

It is apparent that our calculations provide compelling evidence that the peculiar
mechanism of substrate decarboxylation in OleT is virtually a concerted process (barrier ~2
kcal/mol; cf. Figure 3) and the active site topology with its protonated His85 residue, is the root
cause for the decarboxylation, whereas the common rebound process is blocked by an organized

His85-water dyad (see W1,2 and H85 in IM1 cf. Figure 3).

Substrate Hydroxylation in P450sss: As we have seen above, P4500iet does not proceed
via a rebound mechanism, but prefers to accept one proton from His85, which occurs instantly and
resets the cycle to the resting state. However, to substantiate the role of His85 that actually prevents
the rebound step by associating a water molecule, we performed QMMM calculations for P450gsp
which performs hydroxylation in the WT, where the His85 residue is naturally replaced by
Glutamine (Q). The optimized reactant-complex geometry (RC) shows an organized water
channel, however, unlike in P4500ieT, in P450gsp the substrate stays far from the Q85 residue. In
fact, the carboxylate group of the substrate does not interact with Q85 by any means. The pro-R

hydrogen at the Cp terminal is the closest hydrogen to the FeO moiety.

The energy profile during the scanning is shown in Figure 5, which reveals firstly a H-

abstraction step from the Pro-R beta hydrogen. The process takes place with a barrier of 21.2
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kcal/mol leading to IM1 in an endothermic process. The spin densities of the iron-porphyrin (see
SI) confirm IM1 as the Fe(IV)OH Cpd Il intermediate. It is obvious that the H abstraction by Cpd
| is endothermic, and as such, the unstable IM intermediate quickly follows the rebound

mechanism to form the resting state. The QM/MM calculation for the P450ssg shows a similar

energy profile to the one obtained in P450sp, in a previous study.®

% | pc
Fe(IV .
e (V) m— Fe(lV) . PC Cys
Cys RC é IM 202
yS

Figure 5. a) Different intermediates during the hydroxylation of Palmitic acids by P450gsg, b)
Energy profile during the PES scanning by QM/MM calculations at B3LYP-D3/def2-TZVP level
of theory. In the absence of a proton donating group like His85, Cpd Il follows the usual rebound
step.

3.3. The Roles of Local Electric Fields (LEFs) in P450oieT and P450ssp

As we have just seen, the stability of Cpd Il/substrate-radical appears to control the
decarboxylations vs hydroxylations reactions. As such, we proceeded to calculate the local electric

fields (LEFs) and the dipole moments (w), which are required in order to assess the stabilization
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(cf. Eqg. 1) of the RC, TS and IM1 species belonging to the respective reaction mechanisms of OleT
vs. BSP (cf. Figs 3 and 5). To do so, we used the bare systems without residues, and applied the
LEFs due to the residues within a radius of 3A around the species, using the in-house program
TITAN?®® (see method section for details). Figure 6a shows the conventions for positive vectors
along the Z-axis, while Figures 6b and 6¢ show the LEF and p vectors, for the two enzymes, as
well as the angle between these vectors. It is apparent that for all the species, OleT has more

favorable LEFs and dipole moments for each of the species.

a) z
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Figure 6. (a) The GAUSSIAN convention for positive field and dipole moment vectors (Fz and
1z) along the Z-axis. (b and c) The dipole moments p (in Debye) and LEFs (Fz in V/A) along the
Z-axis, for the RC, TS, and IM species of P450gss and P4500ieT, respectively. LEFs were calculated
in the native environment of both enzymes on the O atom of Fe-O.

Table 1 lists the corresponding stabilization energies of the species for the two enzymes by
the corresponding LEFs. It is apparent that the LEF stabilizes the OleT species more effectively
than it does for those of BSp. The major LEF effect appears on Cpd Il of the two enzymes.
Comparison of the stabilization of the two Cpd Il intermediates (IM) reveals that the LEF
contributes 16.7 kcal/mol to the enhanced stability of Cpd Il (OleT) compare with only 5.4
kcal/mol to Cpd Il (BSp). This difference (11.3 kcal/mol) is rather close to the same difference in

the total QM/MM energy difference (8.4 kcal/mol) between the two species. (cf. Figs. 3 and 5).

Table 1. Interaction energies (in kcal/mol) due to the interaction of local electric field (Fz)
for reactant (RC), transition state (TS) and compound Il intermediate (IM) for both enzymes. Note

that a negative value indicates a relative stabilization during the reaction.

Enzyme RC TS IM
P45001er -10.61 -13.89 -16.66
P450ssp -4.83 -3.49 -5.35

It is apparent that the LEF contributes also to a lower barrier for H-abstraction in OleT vs.
BSp (~4.6 kcal/mol). However, the QM/MM-calculated energy-barrier difference is 10.6 kcal/mol.
This suggests that effects other than the LEF contribute to the energy barrier differences between
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the two enzymes. We propose that the more pronounced energy-barrier lowering in OleT vs. BSp,
is contributed by the relative thermodynamic driving forces of the corresponding H-abstraction
steps. This step is endothermic in BSP (cf. Fig. 5), due to the instability of the corresponding Cpd
Il species, whereas in OleT it is exothermic (cf. Fig. 3) due to the stability of Cpd Il. Since the
relative stabilities of the Cpd Il species in the two enzymes are determined by the respective LEFs
(cf. Figs 6b vs. 6¢), the ensuing thermodynamic control of the H-abstraction barrier* is an indirect

effect of the LEFs in the two enzymes.

Considering residues that are contained in the radius of 3A of the bare QM species, it is
apparent that the LEFs exerted by the two proteins on Cpd Il differ only by protonated His 85 in
OleT vs. GIn 85 in BSp. As such, the LEF determines the enhanced stability of Cpd 11 (OleT)
compared to Cpd Il (BSg), and creates thereby function in these two enzymes. As such, Nature has
performed ultimate engineering in P4500iet by substituting His85 to produce an electrostatic
environment that can stabilize the Cpd Il and thereby catalyze the decarboxylation reaction. The
absence of H85 in P450gss creates a less polar environment, and the enzyme follows the
paradigmatic rebound mechanism with an unstable Cpd Il/substrate-radical. This diversification is

summarized in Scheme 2.
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Scheme 2: The updated mechanism of hydroxylation (blue) vs decarboxylation (black). Note the
source of a proton is His85 in WT P4500jeT.

4. Conclusions:

P4500ieT and P450gsp have virtually the same active sites save a single residue difference,

H85 in P4500ieT is Q85 in P450gsp. Nevertheless, the enzymes exhibit different functions; P4500ier

converts fatty acids to terminal olefins, while P450ssg hydroxylates the B C-H bond of the fatty

acid. Using MD simulations and hybrid QM/MM calculations we demonstrated that it is this single

site difference that creates the functional difference by diversifying the corresponding LEFs of the

active sites. Thus, in P4500iT, the strong LEF due to the presence of strategic protonated residue

His85 stabilizes the respective Cpd Il/substrate-radical species and diverts it to perform

decarboxylation and produce terminal olefins. On the other hand, the presence of Q85 in P450gsg

creates a smaller LEF, which gives rise to an unstable Cpd Il/substrate-radical species, which in

turn proceeds by hydroxylation via the usual rebound mechanism.
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Our finding that a polar environment in peroxygenase active site triggers decarboxylation
reaction provides a lucid understanding of the function of P4500ieT and may constitute a helpful
lead for bioengineering of other peroxygenases to enhance biofuel production. The fact that the
mutant P450gsp, in which Q85 is replaced by H85, performs decarboxylation,® further emphasizes

the role of the LEF in creating function this function.
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